crease in serum potassium concentration. The origin of that increased serum potassium has been proven to be the exercising muscles.2,3) In healthy subjects, the release of potassium is reported to be proportional to the workload,4) and serum potassium concentration does not rise significantly until the lactate threshold is surpassed.5) After exercise, serum potassium concentration falls rapidly to levels equal to, or below, rest values due to active uptake of potassium.6,7) Both the increase in potassium during exercise and hypokalemia after exercise increase the incidence and severity of arrhythmias in patients with heart disease.8) However, changes in potassium concentration during exercise and recovery in patients with impaired exercise tolerance have not previously been reported.
The relationship between the degree of exercise intolerance and the degree of exercise-induced increase in serum potassium also remains unknown. Because exercise-induced hyperkalemia can be reduced by physical training in animals9 as well as in healthy volunteers,10) it is possible that exercise intolerance is accompanied by pronounced hyperkalemia during exercise.
The objective of this study was to assess the changes in arterial potassium concentration during exercise and recovery in relation to exercise intensity and exercise tolerance in patients with impaired exercise tolerance. This is the first study on exercise-induced potassium change in a group of patients with exercise intolerance. To ensure accuracy when evaluating exercise tolerance, we used both the lactate threshold (LT) and the ventilatory threshold (VT) as indices of exercise tolerance. using an enzymatic technique. In 7 patients, blood samples were also collected in iced tubes with EDTA-2Na at baseline, at the time of VT and at peak exercise, to measure epinephrine and norepinephrine by high performance liquid chromatography. In 3 patients, the microhematocrit was determined in triplicate immediately upon collection of blood samples to determine whether the measured rise in plasma potassium concentration also indicated an augmentation of the total content of plasma potassium. If there is no loss nor gain of the plasma potassium during exercise, the expected potassium concentration (COE) is calculated according to the formula given by van Jpn Heart J January1995 Figure  2 .
SUBJECTS AND METHODS

Subjects
Relationship between the increase in potassium during exercise and the fall in potassium during recovery. Increase in K during exercise=potassium concentration at peak exercise minus potassium concentration at baseline; fall in K during recovery=potassium concentration at peak exercise minus potassium concentration at the nadir in the recovery period. COE=expected potassium concentration calculated with hematocrit change according to the formulae given by van Beaumont et al; COM=measured potassium concentration; *significantly different from COE (p<0.05). Figure 3 . Relation between the %LT and the increase in potassium concentration at an exercise intensity of 50% of predicted maximum oxygen uptake. %LT=ratio of lactate threshold to predicted maximum oxygen uptake; K=potassium concentration. at an exercise intensity of 50% of predicted maximum oxygen uptake. %VT=ratio of ventilatory threshold to predicted maximum oxygen uptake; K=potassium concentration.
p<0.01•`0.05, Table  II 
DISCUSSION
This is the first study on exercise-induced potassium changes in patients with exercise intolerance. In these patients, exercise above the anaerobic threshold (VT or LT) induced a rate of rise in potassium concentration twice that observed during exercise below the anaerobic threshold. However, the exercise intensity at the anaerobic threshold was also accompanied by a significant increase in arterial potassium concentration. In the recovery period, the level of arterial potassium decreased rapidly to baseline levels within 2 to 4 minutes in all patients, showing a good correlation with its increase during exercise. On the other hand, the elevation in potassium concentration showed a negative and significant correlation with the indices of exercise tolerance, that is, VO2 at LT/ predicted VO2max and VO2 at VT/predicted VO2max, at exercise intensities of 30, 40, 50 and 60% of predicted VO2max. These data indicate that the greater the degree of exercise intolerance, the greater the rise in arterial potassium concentration, and the steeper the fall in potassium concentration during recovery.
During short, intensive muscular activity, fluid is lost from the vascular compartment. However, this hemoconcentration occurs without change in red cell mass,15) therefore changes in intravascular total potassium content can be assessed from changes in hematocrit.6,16) In our study, the measured potassium concentration was significantly higher than the concentration expected based on hematocrit changes. This result indicates that the exercise was accompanied by an augmentation of total plasma potassium content. This observation is in agreement with the findings of van Beaumont et al. 6) The origin of increased plasma potassium during exercise is the working muscles.2,3) While this study was not designed to address the mechanisms involved in the increase in potassium during exercise in patients with impaired exercise tolerance, we may reasonably interpret our data as follows.
The release of potassium is in part a consequence of muscle cell depolarization. Incomplete re-uptake of potassium by sodium, potassium-adenosinetriphosphatase (Na, K-ATPase) may account for the rise in extracellular potassium after each repolarization of the action potential.17) Knochel et al9) reported that, in dogs, moderate training reduced the rise in venous potassium during exercise; at the same time an increase of 165% in the activity of Na, K-ATPase prepared from muscle homogenates was detected. Kjeldsen et al18) also observed that the activity of Na, K-ATPase in rats, measured as total concentration of 3H-ouabain binding sites, increased by 46% after intensive swim training and decreased upon deconditioning. Therefore, it is possible that exercise intolerance is accompanied by a decrease in the number of Na, K-ATPase units in the skeletal muscle, which would lead to a reduced re-uptake of potassium.
On the other hand, Kjeldsen et al10) reported that in humans, exerciseinduced hyperkalemia can be reduced by moderate training without any change in skeletal muscle Na, K-ATPase. Therefore, it is also possible that the greater increase in arterial potassium in patients with exercise intolerance could be a consequence of a decreased activation of Na, K-ATPase in skeletal muscle.
Furthermore, many studies have suggested that ATP-sensitive potassium channels may also play an important role in the release of potassium during heavy exercise. 19, 20) Since a reduction in intracellular pH in the presence of ATP enhances ATP-sensitive potassium channel activity,21) changes in pH may be important in coupling cellular metabolism to this channel activity . Thus, an early decrease in cellular pH in patients with impaired exercise tolerance possibly leads to an increased release of potassium during exercise.
Catecholamines released from the adrenal medulla as well as sympathetic nerve endings are of importance in the control of potassium concentration. Catecholamines are known to increase Na, K-ATPase-mediated potassium uptake in skeletal muscle,22) via beta2-adrenoceptor stimulation23); beta2-adrenoceptor stimulation induces hypokalemia.24) Inversely, alpha-adrenoceptor stimulation inhibits potassium uptake by skeletal muscle,25) and raises the plasma potassium concentration.26) In the present study, although a significant increase in circulating norepinephrine was observed, the increase in potassium concentration did not correlate with the norepinephrine concentration. Stimulation of Na, K-ATPase by increased catecholamine may play an important role in the rapid decrease in arterial potassium concentration during recovery,22,23) however, it may be only partly responsible for the increase in potassium during exercise. 26) Our data are in line with the conclusions of Coplan et al27) who found that exercise above the anaerobic threshold resulted in a significantly larger increase in venous potassium concentration compared with exercise below the anaerobic threshold in healthy men. This finding indicates that anaerobic metabolism in exercising skeletal muscle is associated with a larger potassium release than aerobic metabolism is. This might be because lactic acid production due to anaerobic metabolism decreases the intracellular pH which in turn inhibits membrane Na, K-ATPase,28) and enhances ATP-sensitive potassium channel activity,21) leading to an increased loss of cellular potassium.
In conclusion, in this study, we have demonstrated that for patients with impaired exercise tolerance, the greater the degree of exercise intolerance, the greater the rise in arterial potassium concentration, and the steeper the fall in potassium concentration during recovery. Moreover, the rise in arterial potassium concentration was greater with exercise above the anaerobic threshold. These findings are of critical importance in understanding the underlying characteristics of exercise intolerance. To prevent the hazardous effects of hyperkalemia during exercise and of hypokalemia during recovery in patients with cardiac disease and exercise intolerance, we recommend exercise of an intensity that does not exceed the anaerobic threshold for rehabilitation and for daily activity.
